We analyze the electromagnetic field of a wireless power transfer system using the 3-D parallel finite element method on K computer, which is a super computer in Japan. It is clarified that the electromagnetic field of the wireless power transfer system can be analyzed in a practical time using the parallel computation on K computer, moreover, the accuracy of the loss calculation becomes better as the mesh division of the shield becomes fine.
Introduction
The wireless power transfer system is an open circuit and the magnetic leakage flux affects far distance. Thus, it is important to investigate the distant magnetic field of wireless power transfer systems because it is necessary to consider the influence of the magnetic flux on the human body.
In a previous study, we have calculated the distant magnetic field of a wireless power transfer system using the 3-D finite element method [1] .
In order to analyze the distant magnetic field and the eddy current loss of the wireless power transfer system accurately, it is necessary to divide the mesh of the wireless power transmitter finely while analyzing the wide area. The 3-D parallel finite element method [2] is effective for such an analysis with long calculation time.
Thus, we analyze a wireless power transfer system in a wide area using the 3-D parallel finite element method on K computer, which is a super computer in Japan.
Consequently, it is clarified the distant magnetic field and the eddy current loss of the shield of the wireless power transfer system at the same time within a practical time.
Analysis method

Fundamental equations of magnetic field
When the magnetic flux varies sinusoidally, the fundamental equations of the electromagnetic field can be written using the magnetic vector potential A and the electric scalar potential φ as follows [3] :
where ν is the reluctivity,J 0 is the exciting current density, J e is the eddy current density, σ is the electrical conductivity, j is the imaginary unit and ω is the angular frequency. The dot over the letter indicates a complex function. The analysis has been done as a linear problem.
Electrical loss calculation
The eddy current loss W ed in the aluminum plates of the shield is given as follows:
where Vc is the region of the conductor with the eddy current.
Parallel computing using DDM and MPI
In this study, the domain decomposition method (DDM) is adopted for the parallel computing. Using the DDM, the analysis domain is divided into multiple subdomains. The parallel computing is performed in distributed memory type parallel computer using message passing interface (MPI) for data communication [4] .
Speed-up and parallel eflciency
The speed-up and parallel efficiency, which represents the performance of parallel computation, are calculated using the parallel number n respectively as follows [5] :
Speed − up(n core) = Elapsed time (1 core) Elapsed time (n core)
Parallel Efficiency = Speed − up(n core) n × 100(%) (6) 3 Analyzed model and conditions Table 1 shows the computing environment. The K computer consists of 8 cores per node, and the main memory has 16 GB per node. In this study, two cores per node are used to calculate the electromagnetic field. Table 2 shows the analysis condition. The analysis has been done using our own program. 
Elapsed time, speed-up and parallel eflciency
In this section, in order to investigate the characteristics of parallel efficiency, the magnetic field analysis was performed with various number of divisions of the analysis region. Table 3 shows the discretization data. In order to investigate the performance of parallel computation, the analysis is performed under the condition that the number of parallel is 600 to 9600. The number of elements of the finite element model is approximately 340-380 million. The number of elements, nodes, and edges of the analysis model increases as the number of parallel increases, because the overlapping elements [4] increase. Figure 2 shows the elapsed time. The calculation time is approximately 400 minutes when number of parallel is 600 and that is approximately 30 minutes when number of parallel is 9600. Figure 3 shows the speed-up. The calculation time of 1 division is calculated from the elapsed times of 600 and 9600 divisions by Amdahl's law. From Figure 3 , we can see that the speed-up close to the ideal can be obtained when number of parallel is 2400 or less. The speed-up falls below the ideal as the number of parallel increases. Figure 4 shows the parallel efficiency. The parallel efficiency is over 90% when number of parallel is 1200, and that is over 70% even when number of parallel is 9600.
From these results, we confirmed that using parallel computation by K computer, we can analyze the electromagnetic field of the wireless power transfer system in a wide area within a practical time. Moreover, it is confirmed 
Mesh division of aluminum plate and analysis accuracy
In this section, we investigated the effects of mesh division of the aluminum plate on the eddy current loss and the distant magnetic field strength. From the results of the previ- ous section, the number of parallel is set to 2400 for the efficient analysis. Figure 5 shows the aluminum plate and its surrounding meshes. Each figure is an enlarged view of (i) primary side-and (ii) secondary side-aluminum plates shown in Figure 1(a) . In order to investigate the effect of the fineness of the aluminum plate mesh on the eddy current loss and the distant magnetic field strength, the analysis is performed under the condition that the number of mesh di- visions of the secondary side aluminum plate is 1 to 16. The primary side aluminum plate mesh is divided so as to have the same aspect ratio as the secondary side aluminum plate mesh. Figure 6 shows the distributions of eddy current loss in the aluminum plate. We can see that the eddy current loss at secondary side is larger than that at primary side. Moreover, we can also see that the eddy current loss is concentrated on the surface of the aluminum plate by dividing the mesh finely. Figure 7 shows the distant magnetic field strength at "measured point" shown in Figure 1 and the eddy current loss of the aluminum plate. The distant magnetic field strength is almost the same regardless of the mesh division of aluminum plate. However, the eddy current loss of the aluminum plate increases as the mesh becomes fine, and finally that converges to a certain value. Table 4 shows the discretization data and elapsed time. The number of elements and calculation time also becomes to increase as the mesh division of the aluminum plate becomes finer.
Conclusion
In this paper, we analyzed a wireless power transfer system in a wide area using the 3-D parallel finite element method on K computer. Consequently, it is clarified that using parallel computation by K computer, we can analyze the electromagnetic field of the wireless power transfer system in a wide area within a practical time and efficiently calculate even high number of parallel. Moreover, the distant magnetic field strength hardly changes when making the mesh of the aluminum plate finer, however, the eddy current loss of the aluminum plate increases and finally that converges to a certain value.
